Running Title: Admixing pumice and sand to reactive Fe 0 sustains long-term metal removal.
Introduction
Permeable reactive barriers (PRBs) containing metallic iron (Fe 0 ) as reactive medium have been developed during the past two decades to an established technology for groundwater remediation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The original PRB technology containing granular Fe 0 has been expanded to the injection of nano-scale Fe 0 for source remediation [8] [9] [10] [11] . To date, more than 180 Fe 0 PRBs have been installed worldwide [8, 11] . Successful accomplishment of remedial goals has been typically reported. At some few sites, system failures were recorded [8, 12] . Reported failures were attributed to design shortcomings due to poor site characterization (reason 1), poor design selection (reason 2) or installation at sites where the technology is not an appropriate choice (reason 3) [8, 12, 13] .
A major concern of Fe 0 PRBs is related to the reduction of the hydraulic conductivity (permeability loss) with time [15] [16] [17] oxidation by water has not always been properly considered and the role of gas (H 2 ) formation in porosity/permeability loss has been sometimes overestimated [15, 16] . Recent theoretical works demonstrated that a Fe 0 -based filter should be considered as a system in which iron is corroded mostly by water and the micro-pollutants are sequestrated in the matrix of precipitation corrosion products [14, [34] [35] [36] . This view corroborates concordant reports regarding Fe 0 filters as a long-term sink for C, S, Ca, Si, Mg, and N [12, [37] [38] [39] .
The present work is an attempt to improve the design of Fe 0 filtration systems based on recent theoretical studies [14] . In the present work, the efficiency of five different systems (A to E) for aqueous contaminant removal is tested in column studies. 
Pumice
The used pumice originates from Lipari (Aeolian Islands, Sicily -Italy). 
Column operation
Laboratory scale polymethyl methacrylate (Plexiglas) columns were operated in up-flow mode. The influent solution was pumped upwards from a single PE bottle using a precision peristaltic pump The hydraulic conductivity [40] was determined during the column tests, by either constant-head (k > 10 -6 m/s) or variable-head (k < 10 -6 m/s) permeability methods, at selected dates to assess the permeability of the systems. The experiments were performed at room temperature (21 ± 4 °C).
Samples for analysis were collected at periodic intervals and the experiments where prolonged until contaminant breakthrough (systems A and B) or a significant loss of the hydraulic conductivity (systems C to E) was observed.
Analytical methods
Samples from the columns were centrifuged at 3000 rpm (ALC, PK121 Multispeed Centrifuge).
The supernatant was vacuum filtered through a 0.45 μm glass filters. 
MIP measurements
MIP measurements have been carried out using a Micromeritics instrument apparatus type (AutoPore IV 9500). The instrument is capable of a minimum intruding pressure of 3.4 kPa and a maximum pressure of 227 MPa, so that the pore radius ranges from 2.7 nm to 180 μm.
For pumice particles the measured pore data allow determining the inter-particular and intraparticular porosities of the pumice particles, the apparent specific weight ρ as (defined as the ratio of the mass and the apparent volume of the pumice particles) and the specific weight ρ s (defined as the 
Expression of the experimental results
In order to characterize the magnitude of tested systems for contaminant removal, the removal efficiency (E) and the specific removal (E s ) were calculated using Eq. 2 and Eq. 3 [33] .
E s = m rem /m Fe *100 (3) where m in is the mass of contaminant flowed into the column, m rem is the mass of removed contaminant, and m Fe the mass of Fe 0 present in the column.
Evaluation of the residual porosity
When iron corrodes, porous oxide layers are formed at the At any time (t > 0), V oxide can be calculated using Eq. 4:
Where η is the coefficient of volumetric expansion, (V 0 -V t ) is the consumed Fe 0 volume with V 0 the initial volume of Fe 0 and V t its residual Fe 0 at time t.
The effective volumetric expansion ΔV (Eq. 5) corresponding to the volume of pores that is occupied by iron corrosion products is a measure of the extent of porosity loss.
The residual porosity of the system at time t (Φ(t)) may be estimated by (Eq. 6): 
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Results and discussion
pH variation and Fe breakthrough
Metal ions are known to be removed from the aqueous phase in packed Fe 0 beds by adsorption, coprecipitation and adsorptive size-exclusion when the pH > 4.5 [44] [45] [46] [47] [48] . Figure 2a clearly demonstrates that the pH value of the initial solution (t = 0) and that of the effluent from all columns was larger that 5.5. This suggests that contaminant removal could be quantitative (see Tab. 4) if the residence time is sufficient to enable the formation of enough iron corrosion products for contaminant retention in the column. A hint that quantitative contaminant removal was likely is
given by the evolution of the iron concentration (Fig. 2b) . Fig. 2b clearly shows that the effluent iron concentration was less than 0.2 mg/L and reached values close to up to 1 mg/L only shortly before clogging for the system with 50 % pumice (system E). This observation could be attributed to accelerated transport through preferential flow paths [26] . (Fig. 3b) . In fact Ni breakthrough occurs before day 8 in the system with 100 % Fe 0 . Zn is the next less retained metal with a breakthrough occurring at day 10 in the system with 100 % Fe 0 (Fig. 3c) . The observed order of removal efficiency corresponds to the selectivity sequence for iron oxides and soils: Ni < Zn < Cu [49] [50] [51] . For example, Fontes and Gomes [50] Another important result from Fig. 3 is that no contaminant breakthrough was observed in the system with 50 % sand (system D). This system is less porous than the system with 50 % pumice by using porous pumice in place of sand [33] . As discussed in details elsewhere [14, 36] which clogged at first. This result corroborates previous findings that filtration systems containing a 100 % Fe 0 layer are efficient but not sustainable [55, 56] . Moreover, the fact that the effective specific removals for the three systems are similar (4.0 ≤ E s,eff ≤ 6.8) is a hint that the calculation of the consumed iron is right. Note that, E s,eff values are derived from E s values on the basis of the extent of Fe 0 depletion at t limit (E s , t limit ), not at the depletion at the end of the experiment. This result means that no significant breakthrough was observed before t limit . The results presented in Fig. 4 clearly demonstrate that the hydraulic conductivity decreases with time for the systems containing Fe 0 particles (systems C, D, E) then remains constant at time t limit (Tab. 5).
Metal breakthrough

Hydraulic conductivity
The initial hydraulic conductivity K 0 for all systems is about 5.10 -4 m/s. The hydraulic conductivity tends to about the limit value K limit = 5.10 -9 m/s at time t limit . The results show that the decrease of the permeability is down to about five orders of magnitude K 0 /K limit = 1.10 -5 (-). The time t limit seems to depend on the investigated system (Tab. 5). The data in Tab. 5 clearly indicate that Fe 0 admixture with sand and pumice resulted in extended service life. The longest service life was observed for the system with pumice particles and is consistent with the fact that intra-particle porosity has contributed to increased permeability [57, 58] .
Among the proposed models in the literature, the Kozeny-Carman equation is often considered to evaluate the evolution of the hydraulic conductivity [59] . This equation was developed after considering a porous material as an assembly of capillary tubes and yielded the hydraulic conductivity K as function of the porosity Φ, the specific surface S (m 2 /kg of solids) and a factor C to take into account the shape and tortuosity of channels. The first approximation is to accept the Kozeny-Carman equation [60] [61] [62] [63] [64] : The proposed modelling is a first attempt to predict the time-dependent decrease of the hydraulic conductivity (permeability loss) on the basis of the volumetric expansion of corroding iron. This work shows that the evolution of the hydraulic conductivity may be predicted without considering the evolution of the tortuosity or the specific surface in the Kozeny-Carman equation and is the consequence of the filling of the porosity by expansive iron corrosion products.
Discussion
The achieved experimental results and the proposed modelling show that there is a significant effect of the inner porosity of the pumice (system E). This effect is a clogging delay compared to the (Fig. 4) . This result is explained by the internal porosity of pumice particles which may store iron corrosion products, delaying the filling of the inter-granular porosity. Although theoretically sound [58, 65, 66] , this hypothesis has to be confirmed in future works, for instance, using X-ray micro-tomography to probe inner porosity of the pumice specimen and considering various pumice material with differential pore connectivity.
For a better understanding of the evolution of the initial porosity as iron corrosion proceeds, it is imperative to couple imaging (visualization) and mathematical modelling. The first attempt to visualize the deposition of iron particles (nano-scale) in the context of remediation with Fe 0 was recently published [67] . It is expected that the use of X-ray microtomography visualization (and other appropriate techniques) will enable a better understanding of the effects of corrosion products on the bed clogging and to interpret the evolution of the residual porosity.
An increase of the sustainability of the Fe 0 bed is noticed (Tab. 5). More iron could be consumed at the time t limit . The extent of Fe 0 depletion is increased by using admixtures. This result corroborates the view that admixing Fe 0 with non-expansive material is a tool to induce sustainability [14, 24] .
Accordingly, the repeatedly reported cost reduction (Fe 0 costs) ( [21] and ref. cited therein) should be regarded as a positive side-effect. In other words, while using admixtures, material wastage [12] is avoided and service life is increased. It seems that the Fe 0 proportion in efficient real systems should be lower than 50 % (1:1, v/v) used here [23, 24] . In fact, the efficiently permeable reactive barrier at Borden (Ontario, Canada) contained only 22 % Fe 0 (w/w) [1] . On the other hand, while testing Fe 0 for viruses and bacteriophages removal from drinking, Shi et al. [68] found out that a sand filter containing only 15 % Fe 0 (w/w) was very efficient for microbe removal. The design of Shi et al. [68] consisted in a column packed with sand (sand filter) containing a reactive Fe δ is the diameter ratio of the smaller particle size to the larger one (Fe 0 or additive). Φ/Φ 0 is the residual porosity. Φ 0 is the initial porosity of the column.
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(***) E s,eff is the specific removal. 
